Abstract. Intravascular near-infrared fluorescence (NIRF) imaging offers a new approach for characterizing atherosclerotic plaque, but random catheter positioning within the vessel lumen results in variable light attenuation and can yield inaccurate measurements. We hypothesized that NIRF measurements could be corrected for variable light attenuation through blood by tracking the location of the NIRF catheter with intravascular ultrasound (IVUS). In this study, a combined NIRF-IVUS catheter was designed to acquire coregistered NIRF and IVUS data, an automated image processing algorithm was developed to measure catheter-to-vessel wall distances, and depth-dependent attenuation of the fluorescent signal was corrected by an analytical light propagation model. Performance of the catheter sensing distance correction method was evaluated in coronary artery phantoms and ex vivo arteries. The correction method produced NIRF estimates of fluorophore concentrations, in coronary artery phantoms, with an average root mean square error of 17.5%. In addition, the correction method resulted in a statistically significant improvement in correlation between spatially resolved NIRF measurements and known fluorophore spatial distributions in ex vivo arteries (from r ¼ 0.24 to 0.69, p < 0.01, n ¼ 6). This work demonstrates that catheter-to-vessel wall distances, measured from IVUS images, can be employed to compensate for inaccuracies caused by variable intravascular NIRF sensing distances.
Introduction
Acute coronary events are primarily caused by thrombogenesis following vulnerable atherosclerotic plaque rupture and are the leading cause of sudden cardiac death in the United States. 1 Recent advances in intravascular imaging techniques have provided new insights into the mechanisms underlying the development of unstable atherosclerotic lesions, however, these studies have not produced systematic approaches capable of identifying high-risk plaques prior to rupture. 2 It is increasingly probable that combined information on anatomical and physiological parameters is required to determine whether a specific lesion is susceptible to rupture, and several of these parameters may be evaluated through catheter-based intravascular imaging approaches. [3] [4] [5] [6] Intravascular ultrasound (IVUS) has been widely adopted by the clinical community and is capable of assessing tissue properties within the vessel wall through IVUS elastography and virtual histology techniques. 4, 6 Optical coherence tomography provides a resolution of 10 to 15 μm, approximately five times better than 40 MHz IVUS, and can evaluate clinically important plaque structural features such as the thickness of fibrous caps and the presence of a necrotic core or lipid deposits. 7 While these approaches have demonstrated potential for systematically characterizing the structural components of atherosclerotic plaque, they often fail to provide insight into physiological and biochemical processes that may be precursors to plaque rupture. [8] [9] [10] [11] [12] To address this deficiency, fluorescence, photoacoustic, and spectroscopic catheters have been developed to optically detect the molecular signatures of vulnerable plaque. [13] [14] [15] [16] Plaque characterization, via these optical techniques, relies on the detection of endogenous molecules within the plaque or exogenous probes that are either targeted to extracellular ligands or are activated by physiological processes within the vessel wall. [17] [18] [19] Both approaches enable direct monitoring of physiological function rather than anatomical structure which is hypothesized to further improve the detection and specialized treatment of vulnerable atherosclerotic plaque. 20 Intravascular near-infrared fluorescence (NIRF) imaging has emerged as a robust approach for molecular imaging of atherosclerosis due to continued development of targeted imaging agents, high inherent detection sensitivities (nM), relatively low light attenuation through blood, and low background fluorescence from endogenous molecules in the vessel wall. 18, 21 NIRF catheters have been employed to study animal models of atherosclerosis and have demonstrated the capacity to identify regions of atheroma formation using FDA-approved exogenous fluorophores. 19 However, intravascular NIRF acquisition systems cannot acquire anatomical images of the vessel wall and lack a direct means of correcting for light attenuation through unknown quantities of luminal blood. Together, these limitations compromise the accuracy of diagnostic conclusions regarding the risk of vulnerable plaque and are an impediment to future clinical translation of the technique.
Interpretation of NIRF measurements is complicated by the distance-dependent attenuation of light through blood. Catheter-to-vessel wall distances cannot be determined directly from NIRF measurements, but they can be estimated from coregistered IVUS images if NIRF and IVUS capabilities are integrated into a single catheter. Precedence exists for using ultrasound ranging data to detect optical sensing distances and, while other multimodality catheters have been presented in the literature, none have demonstrated the capacity to acquire coregistered imaging data for the purposes of correcting for random catheter positioning within the vessel lumen. 10, [22] [23] [24] In this work, we describe the design of a combined NIRF-IVUS catheter for the correction of distance dependent attenuation of light through luminal blood. IVUS and NIRF components are rotated independently of one another, which allows for coincident acquisition of high frame rate IVUS images and long exposure NIRF measurements. Spatial registration of NIRF-IVUS data is achieved by image postprocessing steps that map NIRF measurements to discrete sections of the vessel wall. Catheter-to-vessel wall distance is estimated from IVUS data and is incorporated into a light propagation model in order to correct NIRF measurements for variable sensing distances. In this study, we demonstrate the use of this instrument to correct for variable catheter sensing distances in coronary vessel phantoms and ex vivo porcine arteries using the exogenous fluorophore 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR) as a NIRF imaging agent.
Materials and Methods

Combined NIRF-IVUS Catheter
Light from a 750 nm CW laser (BWF1-750, B&W Tek, Newark, Delaware) was focused into the proximal end of a 200 μm diameter, 0.22 NA, multimode optical fiber (AFS200/220A, Fiberguide Industries, Stirling, New Jersey) and was reflected at a 90 deg angle from the fiber axis by an aluminum-coated microprism (NT66-768, Edmund Optics, Barrington, New Jersey). Fluorescence emission was collected by the same side-viewing optical fiber and was passed through a 770 nm dichroic mirror and a 750 nm band-stop filter to attenuate residual 750 nm excitation light (Iridian Spectral Optics, Ottawa, Ontario, Canada). Emission channel leakage was approximately 2% to 4% of excitation power and was caused primarily by back-reflection of excitation light from the proximal face of the optical fiber. Emission light was passed through a prism-based spectrophotometer to improve detection sensitivity by separating fluorescence signal from residual excitation light and was detected by a CCD camera (C4742-95, Hamamatsu, Bridgewater, New Jersey). A separate photodiode monitored laser power in order to correct NIRF measurements for deviations in excitation power.
A schematic of the NIRF-IVUS catheter is shown in Fig. 1(a) . The NIRF optical fiber was bound to the sheath of a commercially available IVUS catheter and extended 1 mm beyond the single-element ultrasound transducer (Revolution 45 MHz, Volcano Corp., San Diego, California). Adjustment of the NIRF field-of-view was achieved by rotating the IVUS catheter sheath, in discrete increments, with a separate rotation motor as shown in Fig. 1(b) . The position of the NIRF optical fiber, at the time of NIRF sensing, was determined by tracking the center of an acoustic reverberation artifact caused by the optical fiber within the IVUS field-of-view. The NIRF fieldof-view was fixed at a 30-deg angle relative to an imaginary line drawn between the centers of the IVUS and optical fiber [ Fig. 1(b) ]. The IVUS element was rotated within the catheter sheath by a Volcano In-Vision Gold 3 imaging device. The combined NIRF-IVUS catheter had an outer diameter of 1.4 mm (4.2 French).
IVUS images were captured at frame rates exceeding 30 frames per second with a 4 mm radial imaging depth. NIRF measurements were acquired with 50 ms exposure times with 7 mW power. IVUS images were downloaded from the IVUS imaging system to a PC, and were processed in conjunction with NIRF measurements using custom algorithms written in MATLAB (Mathworks Inc., Natick, Massachusetts).
Analytical Light Propagation Model and Fluorescence Estimation
A two-layer analytical model of light propagation was developed to correct NIRF measurements for variable sensing distances through blood. The geometry of the two-layer model is illustrated in Fig. 2 . Light propagation through blood was modeled by the following equation, which was originally derived by Twersky, and has proven accurate across physiological ranges of hematocrit and blood oxygenation:
25-27
where P is the transmitted power, P 0 is the excitation power, μ a is the absorption coefficient of hemoglobin, d is the propagation distance of light, H is the fractional hematocrit, and s and q are constants related to scattering and detection geometry. This framework resolves the total attenuation from blood into two distinct parts which are absorption caused by hemoglobin and light attenuation due to scattering. Hemoglobin-specific attenuation (μ a ) was calculated using the extinction coefficient of hemoglobin, scattering is a function of H, which is known, and s and q which are determined by fits to experimental data. 28 Emitted fluorescence was modeled by Eq. (2), which is derived from one-dimensional (1-D) diffusion theory by using the Eddington approximation to model fluorescence emission from a homogenous, semiinfinite, and turbid medium:
where μ a;f;x is the absorption coefficient of the fluorophore, Φ is the fluorophore quantum yield,
, P is the power of the excitation light incident on the vessel wall, AðλÞ and C 2 ðλÞ are the general and particular solutions of the diffusion equation, 30 μ t is the total extinction coefficient (μ t ¼ μ a þ μ s ), and
In Eqs. (2) and (3), the subscripts x and m refer to excitation and emission wavelengths, respectively, and μ 0 s is the reduced scattering coefficient [μ 0 s ¼ μ s · ð1 − gÞ where g is the optical scattering anisotropy]. Optical parameters at excitation and emission wavelengths were assumed to be equal in Eq. (2). Equation 2 models attenuation of the excitation light, fluorescence conversion, and attenuation of fluorescence emission within the vessel wall. The fluorescence intensity sensed by the optical fiber is approximated by multiplication with a constant related to the acceptance angle of the optical fiber. 31 Fluorescence intensity is related to fluorophore concentration by the absorption coefficient, μ a;f;x , and the quantum yield, Φ, such that values of μ a;f;x · Φ scale linearly with changes in fluorophore concentration if no quenching occurs. Thus, relative fluorophore concentration is proportional to the magnitude of μ a;f;x · Φ, which can be determined using an inverse-estimation approach when solving Eq. (2) and assuming that all other parameters in Eqs. (1) and (2) are known. In inverse estimation, the value of μ a;f;x · Φ that best fits the mathematical model to experimental NIRF data is determined in an iterative leastsquares optimization process. A trust-region-reflective algorithm was used in this work. After calibration to known fluorophore concentrations in tissue-mimicking phantoms, estimated values of μ a;f;x · Φ can be used to determine the concentration of unknown fluorescent samples. 32 
NIRF-IVUS Phantom Studies
Four concentrations of the fluorophore DiR (excitation: 750 nm, emission: 780 nm) were prepared in a tissue mimicking medium comprised of 3.5% v/v Intralipid and 0.05% v/v India Ink
33 The optical parameters of the tissue-mimicking medium were intended to model the intimal layer of the vessel wall. 34 DiR samples were placed in cuvettes of varying thickness and were surrounded by whole bovine blood with fractional hematocrits of 0.40, 0.45, and 0.50. Hematocrit was measured by centrifugation of heparinized blood. Coregistered NIRF and IVUS measurements were acquired at increasing sensing distances from the fluorescent samples. Sensing distances, measured manually from the IVUS images, were validated against ground-truth sensing distances provided by a calibrated motion stage.
NIRF-IVUS Catheter Validation
The NIRF-IVUS catheter was validated in an in vitro vessel phantom. A transparent PTFE tube, with a 3.1 mm inner diameter and 100 μm thick walls, served as the vessel lumen and was filled with whole bovine blood with 0.40, 0.45, or 0.50 fractional hematocrit. Four borosilicate glass tubes, filled with DiR in the tissue-mimicking medium, were placed around the circumference of the PTFE tube to simulate discrete fluorescent targets within the phantom. Fluorophore concentrations were estimated for each sample of DiR from rotational NIRF-IVUS measurements acquired within the vessel phantom. All data is reported as mean AE standard error of the mean. Paired two-sample t-tests were performed to determine whether the NIRF correction method produced a statistically significant improvement in fluorophore concentration estimation for each concentration tested.
Image Processing
The vessel wall was segmented using an active contours segmentation framework (Fig. 3) . 35 IVUS images were preprocessed using a two-dimensional (2-D) bilateral filter to suppress speckle and by a Sobel operator to detect the edges of the vessel wall. 36 It was assumed that there was a sufficient difference in image contrast between the blood-filled lumen and the vessel wall to enable robust edge detection. Iterative gradient vector flow was performed on the edge-enhanced image to produce an external force term to guide contour evolution. 37 A circular contour was initialized in the center of the IVUS image and iteratively evolved until a minimum energy condition was reached that preferentially guided the contour to the edges of the vessel wall.
The location of the optical fiber was automatically determined through a series of thresholding steps that segmented the acoustic reverberation artifact caused by the optical fiber from the dark background of the blood-filled vessel. NIRF catheter-to-vessel wall distances were measured, automatically, by finding the intersection of the contour outlining the vessel wall and the line depicting the NIRF field-of-view.
Ex Vivo Artery Studies
Ex vivo porcine carotid arteries, ranging in size between 3 and 5 mm in internal diameter, were acquired from a local abattoir. The arteries were harvested proximal to the carotid bifurcation and were immediately stored in a physiological saline solution at 4°C. 38 DiR (100 μM) was applied to one section of the vessel wall to simulate a nonuniform fluorescent target within each artery. DiR was selected for use in this study due to its low toxicity and propensity to integrate directly into cell membranes without migrating from cell to cell. 39 Thus, once applied to a specific region of the vessel, DiR does not disperse to label other sections of the vessel. Furthermore, the quantum yield of DiR significantly increases following incorporation into lipid bilayers which ensures low background fluorescence from DiR that may have remained in solution following staining. Carbocyanine dyes, like DiR, have been used extensively in preclinical animal models, and DiR exhibits comparable fluorescence excitation and emission spectra to indocyanine green, an FDA approved fluorophore. [39] [40] [41] NIRF-IVUS measurements were acquired at multiple axial positions along the length of each artery to simulate a catheter pull-back procedure. Following NIRF-IVUS imaging, each artery was cut open and laid flat on a microscope slide (en face). En face fluorescence microscopy images of the inner vessel wall supplied relative estimates of local fluorophore spatial distributions within the artery. Accurate registration of fluorescence microscopy images and NIRF-IVUS catheter measurements was achieved by using needles to mark axial locations where NIRF-IVUS imaging was performed.
Results
NIRF-IVUS Phantom Studies
Four parameters must be determined to model light attenuation through blood using Eq. (1) (μ a , H, s, and q) . Values of μ a used to model hemoglobin absorption at 750 nm (excitation) and 780 nm (fluorescent emission) are shown in Table 1 and are derived from measurements made by Cope. 28 Estimates of s and q, from Eq. (1), were determined by measuring the transmission of 750 nm light through blood at three hematocrit levels (0.40, 0.45, and 0.50) and fitting the results to Eq. (1) via leastsquares optimization. In the fitting process, it was assumed that the value of q ranged between 0 and 0.2, as q broadly describes the fraction of scattered photons that are received by the NIRF optical fiber and has be previously shown to fall within this range. [25] [26] [27] The value of s was allowed to assume any nonnegative value and it was assumed that the values of q and s did not vary within the narrow wavelength range considered in this work.
Similarly, the transmission of 750 nm light was measured through the tissue-mimicking medium. Values of μ a , μ 0 s , and g, for the tissue-mimicking phantom, were taken from the literature 33 and resulted in a theoretical value of 27.6 cm −1 for μ eff . The experimentally determined value of μ eff as calculated by Beer's Law (P ¼ P 0 e −μ eff d ) was 29.4 AE 0.87 cm −1 . Four known concentrations of DiR, in the tissue-mimicking medium, were imaged with the NIRF-IVUS catheter through three different whole blood samples with fractional hematocrits of 0.40, 0.45, and 0.50. NIRF measurements were acquired at increasing sensing distances, and the experimental results and light propagation model fits are shown in Fig. 4 (a)-4(c) (R 2 ¼ 0.92). NIRF sensing distances were measured manually on IVUS images and resulted in a 3.9% root mean square error (RMSE) when compared to ground-truth sensing distances provided by a calibrated motion stage. The same DiR samples were placed in cuvettes of different thicknesses and were measured from a constant NIRF sensing distance of 500 μm through whole blood with a fractional hematocrit of 0.45. The majority of the fluorescent light was generated within the first 200 μm of the sample. Experimental results and light propagation model fits are shown in Fig. 4 (d) (R 2 ¼ 0.96). A calibration curve showing the relationship between values of μ a;f;x · Φ estimated by the light propagation model and DiR concentrations sensed through the three different whole blood samples is presented in Fig. 4(e) . Values of μ a;f;x · Φ scaled linearly with increasing DiR concentration between 0.1 μM and 10 μM (R 2 ¼ 0.91) and varied only slightly with changes in the fractional hematocrit (differences were not significant, p > 0.05). The calibration curve was used to map estimates of μ a;f;x · Φ derived from raw NIRF measurements to DiR concentrations in subsequent vessel phantom experiments.
An example result of the concentration estimation procedure is shown in Fig. 4(f) . The fluorescence from a 10 μM sample of DiR was measured with the NIRF-IVUS catheter at increasing sensing distances through whole blood with 0.45 fractional hematocrit. Values of μ a;f;x · Φ were derived by the light propagation model for each data point using the optical parameters that were previously determined. The values of μ a;f;x · Φ were used to estimate DiR concentrations using the calibration curve in Fig. 4(e) . DiR concentrations were estimated with an RMSE of 6.3%.
NIRF-IVUS Validation in Vessel Phantoms
Coregistered NIRF-IVUS imaging was performed in vessel phantoms [ Fig. 5(a) ] and catheter-to-vessel wall distances for each NIRF acquisition were measured manually on IVUS images. The measured catheter-to-vessel wall distances supplied the value for d within Eq. (1) of the light propagation model and the value of μ a;f;x · Φ was calculated for each NIRF-IVUS measurement taken within the vessel phantom.
NIRF sensing distances for a complete 360-deg acquisition in the 3.1 mm diameter vessel phantom are shown in Fig. 5(b) . The average NIRF sensing distance for the single trial, presented in Fig. 5(b) , was 540 μm with a minimum and maximum of 305 and 785 μm, respectively. Minimum and maximum NIRF sensing distances, for all trials performed, were 220 and 1210 μm. Raw fluorescence intensities and estimated fluorophore concentrations, for the same 360-deg acquisition, are presented in Fig. 5(c) . Each fluorescent target produced a fluorescence intensity peak with a full-width-half-maximum of approximately 50 deg.
A comparison between estimated and known concentrations, for each DiR sample within the vessel phantom, is presented in Fig. 5(d) . RMSE for concentration estimates derived by the light propagation model were 16.5, 17.0, 19.0, and 45.4% for the 100, 10, 1, and 0.1 μM DiR samples, respectively. These RMSE values are compiled from all measurements taken through whole blood with hematocrits of 0.40, 0.45, and 0.50. Differences in RMSE, between the three different hematocrit values, were not statistically significant (p > 0.05), thus, demonstrating the ability of the model to correct for variable catheter sensing distances through whole blood with varying hematocrit. Measurements of the 0.1 μM DiR sample were obscured by sensitivity limits of the NIRF instrumentation and were excluded from further analysis.
In addition, DiR concentration estimates were made using raw fluorescence intensities by normalizing each uncorrected NIRF measurement to the average fluorescence intensity of the 10 μM DiR sample. RMSE for these concentration estimates with no corrections were 92%, 41.6%, 138%, and 272% for the 100, 10, 1, and 0.1 μM DiR samples, respectively. These large and unpredictable errors are the result of random sensing distances within the vessel phantom which significantly limits the usefulness of conclusions drawn from uncorrected NIRF measurements.
Fluorescence Estimation in Ex Vivo Arteries
Ex vivo arteries were stained with DiR and underwent NIRF-IVUS imaging. Representative results of the automated image processing algorithm are shown in Fig. 6(a) . The outline of the vessel wall was generated using an active contours segmentation algorithm and the position of the NIRF optical fiber was determined by tracking its acoustic reverberation artifact. 35, 37 A comparison of manually and automatically measured NIRF sensing distances is shown in Fig. 6(b) for a single 360 degree NIRF-IVUS acquisition. Average RMSE between manual and automated measurements was 8.2%, which suggests that the proposed NIRF correction can be performed automatically with minimal user interaction.
Coregistered NIRF-IVUS data was acquired from two ex vivo arteries with inner diameters of 3.9 and 4.3 mm. NIRF-IVUS acquisitions were captured at different axial locations along the length of each artery to simulate a pullback procedure. Representative fluorescence microscopy results for two locations in the 3.9 mm artery, i and ii, are shown in Fig. 6 (c) and 6(d). Robust DiR staining was localized to approximately one-third of the vessel circumference at depths up to 50 μm, as determined by confocal microscopy. Accordingly, optical parameters of the intima were used to model the vessel wall in the light propagation model (μ a ¼ 2 cm −1 , μ s ¼ 150 cm −1 , g ¼ 0.84). and NIRF estimates of DiR spatial distributions improved from 0.34 to 0.66 for location i and from 0.13 to 0.73 for location ii following correction of the NIRF measurements.
Spatial correlation between NIRF and fluorescence microscopy results was assessed for all artery locations examined by the NIRF-IVUS catheter (n ¼ 6). Correlation coefficients were transformed into a new variable, the Fisher Z value, in order to calculate average correlation coefficients and 95% confidence intervals for uncorrected and corrected NIRF measurements. 42 The average correlation coefficient between uncorrected NIRF and fluorescence microscopy measurements was 0.24 with a 95% confidence interval between 0.19 and 0.30. The average correlation coefficient between corrected NIRF and fluorescence microscopy measurements was 0.69 with a 95% confidence interval between 0.67 and 0.72. These results demonstrate that correcting NIRF measurements for variable catheter-to-vessel wall sensing distances resulted in a statistically significant improvement (p < 0.01, n ¼ 6) in the correlation between NIRF-IVUS and fluorescence microscopy estimates of local fluorescence intensities in ex vivo arteries.
Discussion
A combined NIRF-IVUS catheter was developed to provide intravascular anatomical and molecular imaging of the vessel wall and to determine whether correcting for variable catheter-to-vessel wall sensing distances could improve the accuracy of NIRF measurements. As expected, NIRF imaging sensitivity decreased with increasing blood hematocrit, with maximal sensing distances of the 0.1 μm DiR sample of 1.2 and 0.9 mm at hematocrits of 0.40 and 0.50, respectively. Blood attenuation correction of NIRF measurements acquired beyond these sensitivity limits could not recover accurate fluorophore concentration estimates. This sensitivity is in good agreement with other NIRF imaging catheters described in the literature, but it should be noted that detection sensitivity is also modulated by varying optical properties of the vessel wall tissue, which was not explored in this work. 15, 43 The least-squares optimization routine resulted in a good fit of Eqs. (1) and (2) to the experimental data (R 2 ¼ 0.92), but because the system is over-determined, the solution used in this work is not unique. However, the solution provided an accurate fit to blood attenuation across three hematocrit levels and enabled accurate blood attenuation correction in the phantom studies. An advantage of the analytical light propagation model over Monte Carlo-based approaches is that the analytical model can estimate relative fluorophore concentrations from NIRF data in real-time during a catheterization procedure. While a Monte Carlo formulation may improve the accuracy of light attenuation estimates, it is not capable of producing real-time results on the standard computer hardware typically employed within catheterization laboratories.
Model-based correction of NIRF concentration estimates in vessel phantoms reduced average RMSE from 90.5% to 17.5%, comparing well to the results of other analytical models cited in the literature. Diffusion models of light propagation have demonstrated average RMSE between 5% and 25% when measuring fluorescence from tissue-mimicking phantoms, and a similar 1-D formulation demonstrated less than 10% RMSE when assessing fluorescence from epithelial and stromal tissues within the human cervix. 29, 31, 32, 44 A limitation of these approaches is the reliance on a priori knowledge of the optical properties of the tissues being studied. The attenuation of whole blood can be measured prior to an imaging procedure, but the optical properties of the vessel wall cannot. Nevertheless, significant effort has been devoted to modeling the optical characteristics of both whole blood and atherosclerotic lesions. 34, [45] [46] [47] [48] Furthermore, a variety of techniques for quantitatively measuring fluorophore concentrations, with and without a priori knowledge of tissue optical properties, have been developed for noncatheter based applications. However, it remains to be seen whether these methods are compatible with intravascular imaging through blood and whether they can be integrated into the small form factor of a catheter. [49] [50] [51] [52] [53] [54] [55] [56] As demonstrated in Fig. 6 , the model-based corrections resulted in a statistically significant improvement in fluorophore spatial distribution estimates in ex vivo arteries when compared to relative fluorescence as measured by fluorescence microscopy. While fluorescence microscopy does not provide a quantitative measure of local fluorophore concentration, it does provide an independent measure of relative fluorescence that is unaffected by attenuation of intraluminal blood. The accuracy of the model-based correction technique relies upon accurate catheter-to-vessel wall distance measurements derived from IVUS images, which exhibited a 3.9% RMSE in phantom studies, however, they were greater in the ex vivo studies due to inferior delineation of the soft vessel wall. This source of measurement error and possible variation in the optical properties of the vessel wall could be limiting factors that reduced the correlation between the two measures of relative fluorescence. Nevertheless, the model-based blood attenuation correction approach improved the correlation of NIRF measurements to fluorescence microscopy in all samples tested.
Temporary vessel occlusion followed by saline flushes or deflection of the catheter towards the vessel wall during NIRF sensing may also improve the accuracy of NIRF measurements, however, neither of these approaches are complete solutions. 23, 57 Saline flushes are not appropriate for patients who are sensitive to increases in blood volume and precise control of the catheter tip is difficult to achieve in vivo. The approach demonstrated here is not constrained by these limitations and enables new capabilities. First, independent rotation of the IVUS and NIRF elements enables different IVUS and NIRF acquisition speeds. Conventional IVUS catheters are rotated in excess of 1500 rotations per minute to enable realtime imaging and to reduce nonuniform rotational distortion, however, NIRF sensing requires longer, variable exposure times to optimize fluorescence signal-to-noise ratios. 49, 58 Second, this method of NIRF-IVUS integration does not require significant modifications to existing IVUS instrumentation and can be made more robust through the use of a double lumen catheter.
Conclusions
A combined NIRF-IVUS catheter was developed to acquire coregistered molecular and anatomic images of the vessel wall. NIRF-IVUS measurements were corrected for inaccuracies caused by variable catheter-to-vessel wall distances through the use of a light propagation model. The NIRF correction method resulted in an average RMSE of 17.5% when estimating known fluorophore concentrations in vessel phantoms compared to an average RMSE of 90.5% without correction. Furthermore, the NIRF correction method resulted in a statistically significant improvement in correlation between spatially resolved NIRF measurements and known fluorophore distributions in ex vivo arteries (p < 0.01, n ¼ 6). Future studies are required to determine whether such corrections will enable semiquantitative assessment of exogenous NIRF fluorophores targeted to biomarkers associated with atherosclerosis and whether such techniques can inform clinical treatment decisions or aid in the study of disease progression in preclinical models.
